ABSTRACT: Concentrations of extracted phycobiliproteins were measured a t a station off the Southern California coast, USA, from November 1985 to March 1986. The main pigment found was phycoerythrin-543 (PE) from Synechococcus spp. as described by Alberte et al. (1984). Concentrations of PE in water column, between 3 and 40 m, varied between 0.01 and 1 60 pg 1-' Maximum values were found between 3 and 22 m. In situ concentrations of PE were posit~vely correlated with cell numbers of Synechococcusspp., which ranged from 1.4 to 116 X 106 cells I-', and showed maximal values between 3 and 13 m. Because no other types of PE were detected, all PE measured was considered to come from Synechococcus-type cells. Cellular concentrations of PE varied between 2.1 and 40.3 X 10-' pg PE cell-', with an average value of 10 5?4.1 X IO-' vg PE cell-' above the 1 % isolume for PAR (Photosynthetically Available Radiation). Pigment per cell increased consistently with depth dunng autumn and spring and had low and relatively constant values in the winter. High PE:cell (>20 X lO-' pg PE cell-') was observed only below the 1 % isolume for PAR. For all samples, cellular concentration of PE was inversely correlated with incident PAR and was positively correlated to dissolved inorganic nitrogen (nitrate) concentration. Cyanobactena were not a dominant component of phytoplankton standing stock during this study, contributing an estimated 4 to 15 O/O of total chlorophyll in the water column, but had high specific growth rates, with maximal values of >0.75 d-' close to the surface. Absorption of light at 540 nm, as measured by in vivo absorption spectra of phytoplankton, was not correlated with PE concentration in the water column.
INTRODUCTION
Phycobiliproteins are photosynthetic pigments present in 2 important phyla of marine phytoplankton: cynobacteria and cryptomonads. Whereas the latter group is well represented in estuarine and coastal waters (Gieskes & Kraay 1983) , cyanobacteria are now recognized as an important and ubiquitous component of marine phytoplankton, especially in open ocean waters (Waterbury et al. 1979 , Glover 1985 . The paucity of methods to estimate phycobiliproteins in the field has delayed the quantitative estimation of these pigments compared to chlorophylls and carotenoids. The techniques introduced by Stewart & Farmer (1984) and Kilpatrick (1985) are a first step to quantitatively determine phycobiliproteins from phytoplankton, in particular the extraction of water-soluble pigments from cyanobacteria.
Intracellular phycobiliprotein
concentration is dependant on environmental factors such as light and nutrients. Studies with laboratory cultures of cyanobacteria have shown that cellular concentrations of phycobiliproteins vary in response to irradiance (Barlow & Alberte 1985 , Wyman et al. 1985 , Kana & Glibert 1987a , resulting in variable absorption cross section of the cell. Nutrient deficiency (especially nitrogen) is associated with a decrease in the phycoerythrin: chlorophyll a (PE:chl a ) ratio (Yamanaka & Glazer 1980) due in part to a recycling of the proteins associated with the phycobilisomes. In addition, several studies have stressed the role of phycobiliproteins, in particular phycoerythrin, as a nitrogen storage product in cyanobacteria (Kirchman & Alberte 1985 , Wyman et al. 1985 , but see Kana & Glibert 1987 a, b) .
In this study we estimated PE concentration for aqueous extracts from samples collected at a station 1 km off the Southern California coast between October 1985 and March 1986. We present the vertical and temporal distribution of PE concentration and PE per cell in the water column and their response to several environmental factors.
METHODS
Water was collected 11 times from a station 1 km off Scripps Pier, California, USA (32"501 N, 117"32' W) from October 1985 to March 1986. The site coincided with a n underwater optical mooring placed 8 m below the sea surface (Booth et al. 1987 ). We used a small skiff equipped with a hydro-cable and power as a sampling platform. The skiff was launched using the facilities on the Scripps Institution of Oceanography Pier. Samples were taken from 3, 8, 13, 22, 28 and 40 m with a 5 1 Niskin bottle, stored in dark 4 1 Nalgene polycarbonate bottles, and brought to the laboratory for further treatment. Continuous profiles from the surface to 60 m with a MER 1048 (Biospherical Instruments, Inc.) included photosynthetically available radiation (PAR), beam transmission (0.25 m transmissometer, Sea Tech, Inc.), temperature, and conductivity (Seabird Electronics, Inc.). Field data were stored in a battery-powered Kaypro portable computer and transferred to IBM PCcompatible computer for subsequent analysis.
Pigment analysis. Chlorophyll a concentrations were estimated according to Holm-Hansen & Riemann (1978) . Two 50 m1 aliquots were filtered through 25 mm Whatman GF/F filters under a differential pressure of 12 cm Hg. Samples were extracted for 1 h in absolute methanol in the dark, subsequently shaken, centrifuged, and the fluorescence measured in a Turner Designs fluorometer (Model 10-005). Calibration of the fluorometer was done with chlorophyll a extracted from a n exponentially growing culture of Isochrysis galbana.
Phycobiliproteins were estimated following the method of Stewart & Farmer (1984) , with minor modifications. Between 1 and 4 1 of sample were filtered through a 47 mm Whatman GF/F filter under differential pressure of 12 cm Hg. Each filter was placed in 5 m1 of a solution consisting of 0.25 M Trizma base (Sigma #T1503), 10 mM disodium EDTA, and 2 mg ml-' of lysozyme (Sigma) in deionized water. Samples were sonicated in an ice bath, the pH adjusted to 5.0 with HC1, incubated at 37 & 1" C for 2 h in the dark, and then for 20 h at 4" C. The pH was then adjusted to 7.0 with 0.1 N NaOH and the samples were cleared by filtration through an 8 pm Nuclepore filter. Efficiency of extraction was tested on the material collected on the Nuclepore filter by measuring the ratio of absorption at 545/676 and comparing to the ratio in whole cells. This test was performed in cells of Synechococcus clone WH7803.
Phycobiliproteins in the pigment mixture were identified by their fluorescence excitation and emission spectra characteristics by comparison with published spectra for cryptomonads and cyanobacteria (MacColl et al. 1976 , Gantt 1979 , Kursar & Alberte 1983 , Alberte et al. 1984 , Stewart & Farmer 1984 , Haxo et al. 1987 . Spectra were measured in a Perkin Elmer Fluorescence Spectrophotometer Model MFP-44A. Once per sampling date, samples were checked qualitatively for the presence of several phycobi1ins:excitation spectra were scanned in successive runs from 450 nm to the emission wavelength, with emission set at 560, 565, 575,580, 600 or 640 nm respectively. Spectra were measured in the ratio mode which corrects for relative quantum flux of the excitation beam by using rhodamine B as a reference. Half-beam bandwidths of 10 and 3 nm were employed for the excitation and emission beam, respectively, for all work with the spectrofluorometer.
For quantitative studies, phycobiliprotein-543 concentration was estimated by the intensity of the fluorescence emission signal at 562 nm with excitation set at 520 nm. Samples were always scanned for fluorescence emission from 540 to 600 nm to verify the purity of the peak. A calibration curve was established between concentration of PE-543 and intensity of fluorescence emission from a dilution series of known concentration of PE extracted from Synechococcus clone WH7803: absorption maximum at 542 nm, weight-specific absorption coefficient of 8.2 l cm-' (Alberte et al. 1984) .
Nutrients. Water samples for analysis of NO3-were stored frozen in 125 m1 plastic bottles after filtration through Whatman GF/F filters. Analyses were performed at the University of Southern California Analysis Lab in an Amicon 5-channel autoanalyzer following standard colorimetric methods (Strickland & Parsons 1972) .
Cell counts. Cyanobacteria abundance was estimated by enumeration of autofluorescent cells. Cells were concentrated onto 25 mm Nuclepore polycarbonate filters (0.4 pm pore diameter) previously stained with Irgalan Black solution. Replicate samples (50 to 100 ml) were taken from each depth and filtered under a differential pressure of 5 cm Hg. A drop of glycerol was placed between filter and cover slip. Samples were kept at -20" C in the dark and counted within a week on an Olympus microscope Model BH-2 with excitation and emission filters as specified for acridine orange in Hobbie et al. (1977) .
Primary production and photosynthetic partitioning. On 19 February 1986 an experiment to partition the in situ production was conducted to determine the contribution by cyanobacteria to total production, and to estimate their growth rates. Total primary production was estimated using '4C-bicarbonate as a tracer of inorganic carbon incorporation (Steemann Nielsen 1952) . Duplicate 125 m1 light bottles and one dark bottle were suspended in situ at the sampling depth for 6 h starting at 10:OO h. Care was taken to minimize exposure to surface light and hence light shock. Samples were filtered onto Whatman GF/F filters, fumed with vapor from concentrated HC1 and activity determined in a liquid scintillation counter.
Cyanobacteria production was determined by estimating the mean cellular production. Replicate 100 m1 light samples and one dark sample were filtered through Whatman 934AH filters and the filtrate was subsequently filtered onto Nuclepore 0.4 pm polycarbonate filters. Iturriaga & Mitchell (1986) have demonstrated that greater than 50 % of the Synechococcus pass through the 934AH filter type. The 3 (2 light and 1 dark preparation) 0.4 pm Nuclepore filters containing radio-labeled Synechococcus were then mounted on nlicroscope slides in the standard procedure for cell count preparations and the slides were stored dark at 4" C until counted. Synechococcus (yellow fluorescing) and red fluorescent particles were counted within 4 h after preparation. After counting, the filter and cover slip were placed in a scintillation vial. A small piece of laboratory tissue with a drop of methanol was used to remove any residual glycerol from the microscope slide, and this was added to the scintillation vial. The samples in the vial were then fumed in acid and radioactivity determined as above.
Fewer than 5 % of the particles counted were red fluorescing, so we make the assumption that all of the radioactivity in these preparations is due to Synechococcus which passed the 934AH filter This procedure allows a direct estimate of production per Synechococcus cell. Total cyanobacteria production was determined by dividing the production determined for the Synechococcus passing the 934AH and retained on the 0.4 pm filter by the fraction of Synechococcus counted for the filtrate as compared to total counts of Synechococcus. This procedure is more direct than the determinations by difference described by Iturriaga & Mitchell (1986) and is therefore considered more accurate. This is important for coastal waters since a smaller fraction of total production is attributable to Synechococcus compared to the open ocean stations they described.
Growth rates of Synechococcus were determined by the general natural log exponential equation p = ln[(C cell-'+AC cell-')/C cell-']/t, where C is carbon, A C is the carbon increase over period t, and t has units of d-l. Cellular carbon was estimated by using an average cell size of l pm diameter, determined microscopically, and assuming 0.2 pg C pm3 of cell volume as determined by Kana & Glibert (1987b Particulate optical properties. Samples collected from the water column (500 to 1000 ml) were filtered onto Whatman GF/F filters for determination of spectral absorption coefficients (Mitchell & Kiefer 1988) . Determinations of particulate absorption (350 to 750 nm) were accomplished using a Beckman Acta IV spectrophotometer. All spectra were transferred to an IBM PC compatible computer and stored on disk for later analysis.
RESULTS
Our sampling interval was designed to resolve phenomena occurring on scales of weeks to months. We observed autumn-winter and winter-spring transitions. Fig. 1 depicts water column characteristics encountered during the sampling period: (a) stratified (5 to 10 m) mixed layers with relatively low phytoplankton biomass (ca 1 pg chl a 1-l) in late autumn (20 November 1985) , (b) deeper mixed layers (>20 m) and low phytoplankton standing stock throughout (< 1 yg chl a I-'), characteristic during most of the winter (8 January 1986), and (c) shallow mixed layers or continuously stratified with higher biomass in the mixed layer (>2 1-19 chl a I-') and/or well-developed particle maximum (20 March 1986) typical of springtime. Mixed layer depth varied from less than 5 to greater than 25 m and the l O/O isolume for PAR varied from 18 to 50 m. During periods of most intense mixing during winter storms, it was not possible to launch the skiff from the pier, so it is likely that deeper, episodic mixing occurred during winter.
The extracted phycobiliproteins from field samples showed 2 major peaks in fluorescence excitation spectra at 495 and 543 nm (Fig. 2) , for 562 nm emission. Fluorescence emission showed a major peak at 560 to 562 nm when the sample was excited at 470, 495, 520 or 543 nm. These fluorescence excitation and emission peaks were a t the same wavelength ( + 3 nm) a s those observed for extracted phycobiliproteins of Synechococcus clones WH7803 (DC-2) (Fig. 2) and WH6581 (SYN 48).
Phycoerythrin-543 concentration varied between 0.01 and 1.6 ~cg 1-l, and was maximal between 8 and 20n1 (Fig. 3a) . Low concentrations were observed below 30 m. Highest pigment concentrations coincided with periods of stronger stratification in late autumn and early spring. Cell numbers of Synechococcus ranged from 1.4 to 116 X 106 cells 1-' (Fig. 3b) . Maximal cell concentrations were found near the surface (3 to 13 m) during late autumn and early spring and during periods of water column stratification in winter. A strong vertical stratification in cell concentration from and from Synechococcus clone WH7803 (---) excitation (460 to 540 nm) and emission (530 to 600 nm) spectra in Trizrna base and sodium EDTA buffer, pH 7. For emission spectra the excitation wavelength was 520 nm and for excitation spectra the emission wavelength was 562 nm. Fluorescence in arbitrary units. Excitation peaks at 495 and 543 nm correspond to absorption by phycourobilin (PUB) and phycoerythrobilin (PEB) respectively 3 to 40 m was observed in autumn and spring (20-to 30-fold decrease with depth). Cell concentrations in winter were lower and there was less vertical stratification (2-to 10-fold decrease).
Since no other types of phycoerythrin were detected by fluorescence emission in the extracts (Fig. 2) , all phycoerythrin measured was considered to come from Synechococcus-type cells (phycoerythrin-543). An estimate of phycoerythnn-543 concentration per cell shows an increase with depth although the amount of pigment per cell showed considerable variability between days for any given depth (Fig. 3c) . For example, PE:cell at 3 m varied between 2.1 and 10.7 X 10-' pg PE cell-'. Winter values, from mid-December to mid-February, are characteristically low throughout the upper 40 m (2.3 to 16.9 X 10-g yg PE cell-'). Late autumn and early spring show profiles with higher values in the water column: surface values are generally higher than in winter (6.4 to 16.4 X 10-' pg PE cell-') and deep samples (23 to 40 m) show the highest values observed during this study (15.6 to 40.3 X 10-g big PE cell-'). Synechococcus abundance, on average, can be predicted from PE concentration using a linear estimator (Fig. 4) . From the slope it is estimated that the average PE:cell for the period studied was 10.5k4.1 X 10-g lig PE cell-'.
The change of PE:cell in the field was assessed relative to environmental factors known to affect its concentration under controlled conditions (Wyman et al. 1985 , Kana & Glibert 1987a ). The concentration of PE:cell in the samples was inversely correlated to the log of the ratio of PAR at depth to the incident PAR ( Fig. 5 ; Table 1 ) and to temperature but was positively correlated to total dissolved inorganic nitrogen (Table  1) . The environmental variables were strongly corre- lated among themselves, in particular nitrate concentration and temperature. All correlations were significant at p < 0.001 using the non-parametric Spearman Rank test (Zar 1984) . The contribution of Synechococcus cells to algal biomass was estimated as a percentage of total chlorophyll a due to cyanobacteria. Chlorophyll a concentrations attributed to Synechococcus were estimated using measured PE:cell and assuming a variable PE:chl a ratio, as seen by Kana & Glibert (1987a, b) . In this manner, chlorophyll a from Synechococcus was estimated to contribute between 2 and 15 % of the total chlorophyll biomass with an average of 4 O/O and maximal values from 3 to 13 m. Cellular growth rates in winter were highly stratified (Table 2) Table 2 ). The mean cyanobacteria production was 20 % of the total 14C incorporation for the experiment.
Absorption of light by PE from Synechococcus was not prominent in the total particulate specific absorption spectra. Although a minor peak of absorption was distinguishable from 540 to 550 nm in (chliphaeopigment)-specific spectral absorption coefficient no corre- Table 2 . Synechococcus growth rates and photosynthetic partitioning on 19 February 1986. The data exemplify the stratification of the water column with depth showing a characteristic decrease in cell number (Cyano. cell conc.), an increase in nitrate concentrabon (Nitrate), irradiance estimated as the percent irradiance at depth z relative to irradiance just below the water surface [(PAR(z)/PAR(o)) X 1001, and concomitant decreases in primary produchon of the whole phytoplankton assemblage (Total production), production of the < 1 pm fraction (Cyano. production), and the estimated carbon-specific growth rate of lation was observed for all samples between peak height or peak area at 545 nm in the absorption spectra and PE concentration.
DISCUSSION
The 495 and 543 nm fluorescence excitation peaks of field samples correspond to the 2 chromophores present in phycoerythrin of Synechococcus strains WH 7803 and WH 6581 as described in Ong e t al. (1984) and in Alberte et al. (1984) , phycourobilin (PUB) and phycoerythrobilin (PEB), respectively (Fig. 2) . Field samples showed a higher proportion of the PUB chromophore with respect to the PEB chromophore when compared to Synechococcus clone WH7803. The fluorescence excitation ratio between 495:543 nm of 0.75 suggests that the clones present in waters off Southern California are more similar to clone-type WH8108 (Waterbury et al. 1986) and populations from open ocean environments (Campbell & Iturriaga 1988) .
Synechococcus abundance during autumn 1985 to spring 1986 was comparable in numbers to other areas in Southern California (Krempin & Waterbury et al. 1986 , Carpenter & Campbell 1988 . Low cell numbers were always found at depth. Maximal concentration (116 X 106 cells I-'; 3m. 3 March 1986 during a netplankton bloom) was very similar to cell concentration in Santa Barbara Channel (Putt & Prezelin 1985) . The significant relationship between cell number and pigment concentration suggests that, in the field, Synechococcus abundance might be estimated from PE concentrations, for example, from airborne sensors (Hoge & Swift 1986) , uslng a conversion factor of 10.5 + 4.1 X 10-' ug PE cell-' (Fig   4 ) for this area. Although cellular concentrations of PE vary, apparently due to photoadaptation, PE:cell varies less (20-fold) than does the total PE concentration, or cell numbers (ca 100-fold each). Furthermore, PE:cell varied only 5-fold in the surface layer bounded by the depth where 570 nm Light is reduced to l / e of its surface value (Mitchell unpubl.) . This is the layer which is relevant for remote sensing (Gordon & McCluney 1975) . If fluorescence yields of PE are relatively constant, remotely sensed fluorescence of phycoerythrin (e.g. Hoge & Swift 1986) should be able to estimate Synechococcus cell numbers with similar precision as estimates of chlorophyll-like pigments using standard passive remote sensing algorithms (Gordon et al. 1983) .
The range of values of PE:cell observed in the water column (2.2 to 40.3 X IO-' yg PE cell-') overlap the range in values measured by Barlow & Alberte (1985) in clone WH7803 (DC-2) (27 to 50 X 10-g F L~ PE cellp1 for cells grown from 10 to 250 yE m-2s-1). Low PE:cell values observed mostly in the upper 20 m are similar to values presented by Kana & Glibert (1987a) for clone WH7803 grown from 400 to 2000 pE m-2s-' (4.7 to 18 X 10-g vg PE cell-'). Our lowest values of PE:cell for field samples (to 2.2 X 10-' pg PE cell-') might be due to smaller cell size in field populations (ca 0.8 X 1.2 pm) compared to cultures (ca 1.2 X 1.6 pm; Kana & Glibert 1987a) .
Although w e estimated growth rates for only 1 date, the observed high growth rates (Table 2 ) and the low PE:cell in the mixed layer, simllar to that found by Kana & Glibert (1987a) for clone WH7803 at high irradiances, support the hypothesis that Synechococcus can have high growth rates in surface waters with relatively high ambient light intensity as long as the cells have had time to adapt to the new light regime (see also Landry et al. 1984 , Iturriaga & Mitchell 1986 .
It was hypothesized that in variable environments, like Southern California waters ~nfluenced by periods of upwelling, cells would have low PE:cell values in surface waters during periods of water stratification where cells were expected to have decreased mixing and thus enough time to adapt to high-light conditions. Dunng periods of deep mixing, cells were expected to be mlxed deeper in the euphotic zone and, on average, adapted to lower light conditions, and thus PE:cell \v111 be, on average, higher Deep mixing is most probable in winter coinciding with minimal total solar radiation and daylength. This scenario was not observed in the field (Fig. 3c) : while in autumn and spring PE:cell in the surface was low and increased 3 to 5 times with depth, winter values were consistently low from the surface to 40 m.
Low values of PE:cell observed in well-mixed waters in winter can be interpreted as cells adapted to high irradiances throughout the photic zone. When comparing PE:cell with mixed layer depth (MLD) and the depth of 1 O/ O PAR (Fig. 3c) it is evident that the low PE:cell values in winter are associated with clear and well-illuminated waters. It is only below the 1 % isolume for PAR that the Synechococcus cells adapt to high (>20 X IO-' 11g PE cell-') values of PE:cell. Species such as cyanobacteria previously considered to be characteristic of low-light environments (Glover 1985) and which need long periods of time to acclimate to high irradiances (Kana & Glibert 1987a ) may need to maintain characteristics of adaptation to high light in pre-bloom situations. Thus they may have a strategy whereby they are adapted to the highest irradiance to which they are exposed rather than the mean irradiance. This would enable cells to survive and grow fast once stratification is achieved and would allow them to have uninhibited growth when mixed to the surface during weakly stratified conditions. In addition to total incident radiation other environmental factors such as nutrient availability and temperature may influence the ratio of PE:cell. Cells grown at high nutrient concentrations have been shown to have high PE:cell (Kuchman & Alberte 1985 , Wyman et al. 1985 , Glibert et al. 1986 ). Surface and deep values of temperature and nutrients were similar throughout the sampling period (unpubl.). Observed growth rates for Synechococcus were highest near the surface (Table 2) implying that surface nutrients were adequate to support high growth rates in midwinter. All the physical variables are correlated with depth so it is difficult to specify the causal parameter for depth changes in PE:cell. Since values exceeding 20 pg PE cell-' were only observed below the 1 % isolume for PAR, and low values of PE:cell were observed at all depths during higher clarity winter conditions although temperatures and nitrates were similar to autumn and spring, we hypothesize that irradiance was the most likely determinant of PE:cell.
Large increases in PE:cell with depth in autumn and spring, apparently due to photoadaptation, may explain, at least in part, the observed increase in a:chl ( a is the rate of C incorporation per unit incident light; in mg C m-3 h ' PAR-') and @:cell with depth for populations of Synechococcus in the Northwest Atlantic Ocean (Prezelin et al. 1986 ) This increase in PE:cell at low light intensities was observed also for cultures of WH7803 (Kana & Glibert 1987a ) with a concomitant increase in the size of the photosynthetic unit (PSU). Indeed, such an increase in the ratio of PE:cell with depth has been observed in field populations of Synechococcus spp. in the North Atlantic (Glover et al. 1988 ) using a non-extractive method of PE estimation.
Several interesting conclusions can b e drawn from this study: (1) Coastal Synechococcus seem to belong to the type of clones with high PUB:PEB ratios, similar to the cells found in open ocean waters. (2) These cells were capable of rapid growth but maintained a relatively low abundance from autumn to spring suggesting a rapid turnover rate, probably due to high grazing rates on Synechococcus. (3) The distribution of cells for these coastal waters, characterized by highest abundances and growth rates close to the sea surface, would allow for reasonable estimation of Sj7nechococcus cell numbers using airborne or satellite sensors. (4) The amount of PE in the water column was n~ostly dependent on Synechococcus abundance near the surface. In deeper waters, PE:cell increased with depth while absolute number of cells and pigment concentrations decreased. (5) Values of PE:cell were maximal for cells below the 1 % isolume for PAR. PE:cell was positively correlated to nitrate concentration and inversely correlated to light and temperature. All physical parameters were correlated with depth for the total data set. However, since PE:cell remained low in winter when water clarity was maximal, while nutrients and temperature were similar to spring and autumn values, we conclude that light intensity was the principal factor determining PE:cell at this coastal station.
